The present cross-sectional study was carried out among community-dwelling Koreans to determine the validity of various muscle mass indices and to propose more clinically relevant diagnostic criteria.
Introduction
Although the loss of muscle mass is closely related to the loss of muscle function, they do not progress at the same time. 1 During the past two decades, despite the negative consequences resulting from sarcopenia, defined as low muscle mass, the standard diagnostic criteria for sarcopenia has not always exactly corresponded with physical capability. Previous studies have shown conflicting findings on the association between skeletal muscle mass index and physical performance, even though it was most commonly used to diagnose sarcopenia, expressed as appendicular lean mass adjusted for height meter squared (ALM/height 2 ). 2, 3 Inadequate consideration of anthropometric characteristics for the muscle mass index of individuals raises concerns about its applicability to predict low muscle function associated with physical impairment, as the common practice has been to adjust lean mass according to either height or weight alone. 4, 5 The available muscle mass index should reflect the anthropometric characteristics of individuals so that it can accurately portray their disabilities.
Appendicular lean mass adjusted for bodyweight or body mass index (BMI) has been recently recommended as a more valid index of muscle mass, because of its potential to encompass the evolving concepts of sarcopenia and other forms of age-related muscle dysfunction. 6, 7 Regarding to sarcopenia definition, it is important to consider muscle strength and physical performance as an optimum muscle mass index. However, no studies have investigated the discriminatory powers of various indexing methods of relative muscle mass based on individual anthropometrics, as well as muscle function and performance parameters. Although the approaches recommended by the Asian Working Group for Sarcopenia for measurements of skeletal muscle mass and physical capability are similar to the European Working Group on Sarcopenia in Older People (EWGSOP) definition, cut-off values for these measurements are different between Asian and Caucasian populations because of variances in ethnicity, lifestyle and cultures. 8, 9 A consensus based on evidence derived from Asian populations is necessary for research and therapeutic approaches in sarcopenia diagnosis. 9 Therefore, more evidence is required to appropriately define the concept of sarcopenia in a nationally representative population, and to validate the proposed criteria, in particular, in Asian countries facing an aging society.
The aim of the present study was to verify the associations between various muscle mass indices and physical capability, and to compare the discriminatory powers of the different formulas of muscle mass. Consequently, we propose reference values not only for the ALM-to-BMI ratio, but also for new methods that consider body surface area (BSA) or waist-to-height ratio (WHtR) in order to accurately classify individuals with skeletal muscle function deficit. It was hypothesized that the qualitative muscle mass indexes (QMI) would be more valid predictors of the incidence of sarcopenia than methods that considered either height or bodyweight alone, such as ALM/height 2 or %ALM.
Methods

Participants
A total of 891 older adults, who visited the exercise medical center in W city, Korea, were recruited from January 2013 to December 2014. Exclusive criteria included a history of specific muscle disease, myocardial infarction or stroke, pacemaker, long-term steroid therapy, or current treatment for cancer or severe infection other than short-term antibiotic therapies. Ultimately, 415 older adults were included in the final analysis. All participants provided informed consent to participate in this study, which was approved by the Ethical Committee of Yonsei University Wonju College of Medicine, Korea (YWMR-12-0-050), and was in compliance with the Declaration of Helsinki.
Anthropometry
Bodyweight and height were measured to the nearest 0.1 kg and 0.1 cm, after which BMI and BSA were cal- ), respectively. Waist circumference (WC) expressed in centimeters was measured at the midpoint between the lower rib margin and the iliac crest, and was used to calculate WHtR.
Body composition measurement
Skeletal muscle mass, fat-free mass and total body fat mass (kg) were acquired from total body scans using multifrequency bioelectrical impedance analysis (Inbody 720; Biospace, Seoul, Korea), which has been proven to be an appropriate alternative to dual-energy X-ray absorptiometry. 10 Standard measure analysis protocols were followed. 11 Skeletal muscle was defined as the sum of ALM from both arms and legs. ALM was converted to relative muscle mass indices by dividing by height in meters squared (ALM/height 2 ) 5, 12 or weight (%ALM). 7 Apart from this, we additionally corrected ALM for combined indicators of height and either weight or waist circumference, such as BMI (ALMBMI), 6 BSA (ALMBSA) and WHtR (ALMWHtR), respectively. Consequently, these indices express adjusted muscle mass for fatness and metabolic mass. These mean that our new approaches imply a qualitative parameter rather than being generally described as a relative parameter in muscle mass index. As aforementioned, we named these formulae as the QMI.
Muscle strength
Muscle strength was assessed as handgrip strength using a dynamometer (Takei Scientific, Tokyo, Japan). Both hands were measured twice, and the maximum value of either hand was analyzed. Relative handgrip strength was calculated after adjusting for BMI. 6 
Physical performance
Physical performances were evaluated through several physical tests, such as walking speed, chair stand test, modified figure-eight walk (F8W), timed up & go (TUG) and 6-min walking (6MW) tests. We carried out the measurements following the guidelines of a previous study. 13 In particular, F8W was modified to be carried out two consecutive times without a break. Standardized verbal encouragement was provided during the tests, and rest was allowed as required. Walking speed was assessed using average speed during the 6-min walking or the TUG test. In addition to explaining relative physical performance, the recorded times of the TUG and F8W were adjusted for height squared.
Measurement of low muscle function
Handgrip strength less than 30 kg for men and 20 kg for women was defined as weakness.
14 Slowness was defined as a TUG speed ≤0.8 m/s. 15 Participants were classified into normal, intermediate, and low muscle function groups based on muscle strength and physical performance (neither, either, and both weakness nor/or/ and slowness), respectively.
Statistical analysis
Data are expressed according to the properties of the variable. Continuous variables are presented as means and standard deviation. Categorical variables are presented as frequency and percentage. All data were normally distributed; therefore, one-way analysis of variance (ANOVA) with Scheffe's method was used for multiple comparisons. Pearson's correlation coefficients were used to quantify the bivariate relationships between anthropometric and body compositional variables including muscle mass indices and physical capability. To evaluate whether each of the muscle mass indices represents muscle function, we carried out stratified analyses in which tests for trend across increasing quartiles of muscle mass indices were computed separately. Each of the muscle mass indices was categorized by sex-specific quartiles. Differences between the second, third and fourth quartiles compared with the first (lowest) quartile as a reference category were assessed by introducing these quartiles as dummy variables into the multiple regression models without other variables. Receiver operating characteristic analyses were carried out to assess the discriminatory potential of the muscle mass indices. The optimum cut-off values to discriminate skeletal muscle function deficit were calculated by maximizing sensitivity and specificity using the Youden index. Subsequently, the areas under the receiver operating characteristic curves (AUC) were compared with logistic analysis in SAS (SAS Institute, Cary, NC, USA). A P-value <0.05 was considered statistically significant, and all statistical analyses were carried out using SPSS 20.0 (IBM Corporation, Armonk, NY, USA) or SAS version 9.2 (SAS Institute).
Results
The characteristics of participants classified by sex and muscle function are described in Table 1 . In the present study, 6.5% of men and 8.3% of women were classified as having low muscle function. Overall, participants with low muscle function had significantly less qualitative muscle mass and lower physical capability compared with normal participants. In addition, low muscle function appeared to be related to anthropometric variables of height, BSA and WHtR, according to sex. Although all of the muscle mass indices differed between the normal and low muscle function groups in both men and women, ALMBMI and ALMWHtR also differed meaningfully between the intermediate and low muscle function groups in elderly men.
Univariate analysis showed that ALM was positively correlated both with height and bodyweight, whereas %ALM was positively correlated with height, but negatively with bodyweight in both elderly men and women. As independent variables, anthropometric indices of BMI, BSA and WHtR were associated not only with body fat percentage, but also with lean mass and muscle function (data not shown). Of the skeletal muscle mass indices, QMIs showed higher correlation coefficients with muscle strength and physical performance than ALM/height 2 and %ALM ( Table 2 ). In contrast, physical performance was significantly correlated with height in our preliminary results; therefore, we attempted to express relative physical performance by adjusting TUG and F8W times for height. Intriguingly, the relative TUG and F8W performances showed higher correlation coefficients with QMI than with their absolute values; even after adjustment for height, there appeared to be a significant correlation with ALM/height 2 . Figure 1 showed the associations between sexspecific quartiles of various muscle mass indices for predicting sarcopenia using combined analyses for elderly men and women. When relative muscle strength and walking speed were calculated according to quartile category of each muscle mass index, significant positive associations were observed for all QMI, as well as ALM percentage (all P for trend <0.05), except for ALM / height 2 (P for trend >0.05). In addition, similar results were obtained according to sex (data not shown). These results show that QMI are more closely associated with most tested parameters of muscle function, including relative muscle strength and physical performance, compared with ALM/height 2 . Table 3 shows the AUC and optimal cut-off values of muscle mass indices for predicting low muscle function in the elderly population. In ALMBMI, the AUC was 0.89 for men and 0.80 for women, and the consequent cutoff value was 0.760 for men and 0.530 for women. In ALMBSA, the AUC was 0.88 for men and 0.81 for women, and the cut-off value was 11.40 for men and 8.91 for women. In ALMWHtR, the AUC was 0.90 for men and 0.80 for women, and the cut-off value was 34.18 for men and 23.07 for women (all P < 0.0001). In further analyses, we used the PROC logistic to statistically compare the discriminating powers among muscle mass indices for identification of individuals with muscle weakness and disability. Receiver operating characteristic association statistics showed that QMI had considerably higher AUC for impaired muscle function than ALM/height 2 in both elderly men and women (P < 0.05). In elderly men in particular, QMI also showed higher AUC than ALM percentage (P < 0.05). Low muscle function was defined as low muscle strength plus low average speed during timed up & go test (TUGspeed). Intermediate was classified as being either low muscle strength or low TUGspeed. Normal was defined as no low muscle strength and low TUGspeed. %BF, percent body fat; 6MW, 6-min walk; ALM, appendicular lean mass; ALMBMI, appendicular lean mass corrected for body mass index; ALMBSA, appendicular lean mass corrected for body surface area; ALMWHtR, appendicular lean mass corrected for waist-to-height ratio; BFM, body fat mass; BMI, body mass index; BSA, body surface area; CST, chair-stand test; F8W, figure-eight walk; FFM, fat-free mass;
HGS, handgrip strength; HGSBMI, hand grip strength adjusted for body mass index; WC, waist circumference; WHtR, waist-to-height ratio; WS, walking speed.
JS Chang et al.
| Table 2 Pearson's correlation coefficients among anthropometric parameters, skeletal muscle mass indices and physical performance of study participants *P < 0.05, compared with area under the curve (AUC) of appendicular lean mass adjusted for height meter squared (ALM/height 2 ). † P < 0.05, compared with AUC of percent appendicular lean mass (%ALM). Low muscle function was defined as low muscle strength plus low physical performance following the criteria. Low physical performances were defined as low average speed during timed up & go test (TUGspeed). ALMBMI, appendicular lean mass corrected for body mass index; ALMBSA, appendicular lean mass corrected for body surface area; ALMWHtR, appendicular lean mass corrected for waist-to-height ratio; HGS, handgrip strength.
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Discussion
With advancing age, degenerative changes in body composition noticeably occur, including a decline in muscle mass accompanied with an increase in fat mass percentage, even if bodyweight remains consistent. 16, 17 BMI, BSA, and WHtR are commonly used as criteria for overweight/obesity, metabolic mass and body fat distribution, respectively, but are partially associated with lean mass. [18] [19] [20] WHtR has also been reported to be an effective predictor of metabolic and cardiovascular risks, but its association with muscle function is still unknown. 21 In this context, we also observed that these anthropometric parameters were associated not only with body fat percentage, but also with lean tissue content and muscle function, in particular it showed a close correlation in WHtR (data not shown). These results imply that anthropometric variables can act as confounding factors in the indexing of relative muscle mass based on physical capability.
Meanwhile, height and weight showed opposite correlations with %ALM, even though both had a strong positive relationship with absolute ALM. This seems to indicate that lean mass can be interpreted differently depending on the methods of expression and adjustment. Some recent studies implied that if there are two people who have the same ALM/height 2 , a short or obese person might have overestimated relative muscle mass or physical performance compared with a tall or normal-weight individual. 5, 17 In this context, %ALM was more highly associated with incident mobility impairment than was unadjusted muscle mass or muscle mass adjusted only for height. 7, 22 In contrast, because differences in height and fatness might influence physical performance, even %ALM is limited in its ability to represent appropriate muscle mass according to height, and can lead to underestimation in lean individuals with normal muscle function. 5, 23 In other studies, even if muscle mass was adjusted for body mass, there still appeared to be a lack of association with poor physical performance compared with combining height-and weight-adjusted muscle mass indices. 4 Furthermore, the absence of an association between muscle mass adjusted to only height or weight and physical performance was investigated in weaker older adults. 24 To overcome the limitations of previous indices, this study implicated that QMI are more reliable for defining relatively low physical capability among older adults, because they measure bodyweight or fatness along with height. Therefore, it is necessary to consider muscle mass relative to personal anthropometric characteristics when defining sarcopenia. 4, 5, 7, 25, 26 In general, physical performance has a positive association with height and step length in older people. [27] [28] [29] However, there have been few attempts to adjust physical performance for individual body characteristics; therefore, we calculated relative physical performance on the TUG and F8W by dividing by height in meters squared. Relative physical performances were more meaningfully relevant to muscle mass indices in elderly men and women (Table 2 ). These findings support the notion that the adjustment of physical performance for height might remedy the misestimation of disabilities according to height and leg lengths in elderly individuals. Furthermore, QMI showed a higher correlation with relative physical performance than did ALM/ height 2 or %ALM. Although ALM/height 2 is most commonly used to diagnose sarcopenia, it was not associated with relative muscle strength or physical performance such as F8W, CST and walking speed in the present study (Fig. 1) . In contrast, QMI were more highly associated with physical function and performance in elderly men and women. The ALMBMI represented as QMI in the present study has been recently recommended as a new muscle mass indicator, embracing the evolving conceptualization of sarcopenia and age-related muscle impairments. 6, 30 A previous study showed that ALMBMI was associated with higher odds of incident mobility impairment for both men and women, but not the absolute ALM criterion. 30 Likewise, the results of the present study showed that QMI are more highly associated with muscle strength and performance in an elderly population, compared with ALM/height 2 . These findings suggest the importance of individualized muscle mass assessment based on relative body characteristics.
Furthermore, we found that the discriminatory powers of QMI for predicting low muscle function were significantly higher than those of ALM/height 2 , and were partially higher than those of ALM percentage in elderly men (Table 3 ). The present study suggests that the QMI are more accurate in predicting skeletal muscle function deficit than ALM normalized to either height square or total body mass. The results of the present study proposed similar reference values to ALMBMI according to the recommendation of the Foundation for the National Institutes of Health (<0.760 vs <0.789 for men and <0.530 vs <0.512 for women), whereas the reference values in ALM were lower than those of the Foundation for the National Institutes of Health (<16.77 kg vs <19.75 kg for men and <13.14 vs <15.02 kg for women). 6 These results show that the cut-off values of sarcopenia criteria are influenced by body size characteristics according to ethnicity. Asian older adults with sarcopenia and physical performance deficit are relatively short in height and have tendency to sarcopenic obesity. For these reasons, QMI are more useful than ALM/height 2 because of the importance of bodyweight and waist circumference in sarcopenic older adults.
Sarcopenia and obesity have become noticeable concerns in an aging society. Sarcopenic obesity is not simply the combination of the two conditions, but is more associated with a decrease in physical performance, as well as cardiometabolic and functional abnormalities. 31 Interestingly, QMI were closely associated with both %BF and %ALM, whereas ALM/height 2 was not. This seems to indicate that QMI embrace the functional consequences of sarcopenia and obesity; it is possible that they can be considered alternative methods to assessing sarcopenic obesity. The present study substantiated the validity of muscle indices, and proposed new concepts that are helpful for a better understanding of the relationships between physical performance, anthropometric characteristics and muscle mass indices.
The present study had several limitations. Most of the participants in this study showed normal handgrip strength and walking speed according to Asian Working Group for Sarcopenia criteria, therefore, the levels of handgrip strength and physical performance were alternatively evaluated using EWGSOP criterion and TUG speed, respectively; the cross-sectional design did not allow us to identify causative relationships between low muscle function and associated factors; the sample size was insufficient to generalize optimal cut-off values of QMI for predicting sarcopenia, thus further larger studies are required based on multicommunity.
Taken together, these findings might be attributed to the consideration of an individual's anthropometric characteristics as part of the definition of relative lean mass. The results of the present study might provide new avenues for conceptualization of sarcopenia accompanied by obesity, and can be used as ethnicspecific reference values of muscle mass indices based on functional outcome in a Korean/Asian elderly population.
